In this chapter we summarize current knowledge of the internal structure of giant planets. We concentrate on the importance of heavy elements and their role in determining the planetary composition and internal structure, in planet formation, and during the planetary long-term evolution. We briefly discuss how internal structure models are derived, present the possible structures of the outer planets in the Solar System, and summarise giant planet formation and evolution. Finally, we introduce giant exoplanets and discuss how they can be used to better understand giant planets as a class of planetary objects.
Introduction
Characterisation of the outer planets in the Solar System has been one of the major objectives in planetary science since decades. Throughout the years significant progress has been made, both in theory and observations. We now have a much better understanding of the behaviour of hydrogen and other elements at high pressures and temperatures, and the physical processes that govern the planetary structure. The various spacecrafts that have visited (and are currently visiting) the outer planets in the Solar System, Jupiter, Saturn, Uranus, and Neptune, provide us with constraints on the gravitational fields, rotation periods, and atmospheric compositions of the planets that can be used by structure models. In parallel, the discovery of giant planets around other stars (giant exoplanets) provides an opportunity to study Ravit Helled Institute for Computational Sciences, University of Zurich, Winterthurerstr. 190 CH 8057 Zurich, Switzerland. e-mail: rhelled@physik.uzh.ch Tristan Guillot Observatoire de la Cote dAzur, Bd de lObservatoire, CS 34229, 06304 Nice Cedex 4, France. e-mail: tristan.guillot@oca.eu the diversity in giant planet composition, which can be used to better understand giant planet formation.
Despite the great progress in planetary modelling in the last few decades there are still several open questions regarding the nature of Jupiter, Saturn, Uranus and Neptune. Many review chapters have been written recently on giant planet interiors (e.g., Fortney & Nettelmann, 2010 , Guillot & Gautier, 2014 Baraffe et al., 2014 and this chapter aims to be somewhat complementary to those. Our chapter is organised as follows. First, we discuss the interiors of the Solar System's gas giant planets (Jupiter and Saturn) and icy planets (Uranus and Neptune). Second, we discuss the standard formation mechanism of giant planets and how it is linked to their composition. Finally, we provide an outlook on the compositions of giant exoplanets.
Giant Planet Structure

Making an interior model
Information on the interiors of the giant planets in the Solar System is typically derived from theoretical structure models which are designed to fit the observed physical data of the planets, such as their gravitational fields, masses, internal rotations, and radii. The physical properties used by interiors models of the outer planets are listed in Table 1 . The planetary interior is modelled by using the following structure equations which include the mass conservation, hydrostatic, thermodynamic, and energy conservation equations:
where P is the pressure, ρ is the density, m is the mass, r is the radius and G is the gravitational constant. The temperature gradient ∇ T depends on the process by which the internal heat is transported. The last equations is the only equation that is time (t) dependent and is used for modelling the planetary evolution. u is the internal energy, q is an energy source that is typically assumed to be zero for planets, and L is the intrinsic luminosity. In order to account for rotation, the hydrostatic equation (Eq. 2) includes additional terms which depend on ω, the spin rate, M the total mass of the planet, R the total radius and φ ω is a function of the radius, internal density and spin rate (see Guillot 2005) . For a non-spinning planet, φ ω = ω = 0. For a spinning planet, this equation is valid in the limit of a barotropic fluid and a solid-body rotation. The radius is then considered as a mean volumetric radius. In that case, we can obtain constraints on the internal density distribution by measuring the departure of the planet's gravity field from sphericity. These are expressed in the form of the gravitational moments, even functions of the radius, r, and the colatitude, θ (see e.g., Guillot 2005 , Hubbard 2013 ):
where a is the equatorial radius, and P n is the nth-order Legendre polynomial. Interior models are constructed to fit the mass (essentially J 0 ) and as many of the J 2 's as have been measured. Although each higher order J gives additional information on ρ(r). The density distribution correspond to a hydrostatic configuration when the contribution of dynamical effects (e.g., winds) on the gravitational moments are not included. Unfortunately, there is no unique solution for the internal structure of a planet. The inferred structure depends on the model assumptions and the equations of state (EoSs) used by the modeller. The main uncertainties in structure models are linked to the following assumptions/setups: (i) number of layers (ii) the composition and distribution of heavy elements (iii) heat transport mechanism, and (iv) rotation period and the dynamical contribution of winds (e.g., differential rotation).
Since the gas giant planets (Jupiter and Saturn) consist of mainly hydrogen and helium, their modelling relies on the EoS of hydrogen, helium, and their mixture. The major uncertainty concerning the EoS of hydrogen is in the region of 0.5-10 Mbar, where hydrogen undergoes a transition from a molecular phase to a metallic phase. The EoS of helium in the relevant pressure region is simpler since helium ionization requires larger pressures and a phase transition is not expected to occur. The difficulty with calculating the EoS of helium, however, is due to the separation of helium droplets from the hydrogen-helium mixture (e.g, Fortney & Hubbard, 2003; Stevenson & Salpeter, 1977a,b) . The EoS for the heavier elements (metals, rocks, ices) have generally received somewhat less attention than those for hydrogen and helium. Despite the difficulty, there have been substantial advances in highpressure experiments and ab initio calculations of EoSs of hyrogen and helium and of of heavier materials, as well as on the miscibility properties, for water, ammonia, rock, and iron. Detailed description on EoSs and interior modeling can be found in Saumon & Guillot (2004) , Baraffe et al. (2014) , Fortney & Nettelmann (2010) , Militzer et al. (2016) , Miguel et al. (2016) , Fortney et al. (2016 
Jupiter and Saturn
Typically, the interiors of Jupiter and Saturn are modelled assuming the existence of a distinct heavy-element core which is surrounded by an envelope divided into an inner helium and heavy element rich layer and an outer envelope which is helium poor and less enriched with heavy elements (e.g., Guillot, 1999 , Saumon & Guillot, 2004 Nettelmann et al., 2008; 2012) . The existence of a core is linked to the traditional (and somewhat outdated) view of planet formation in the core accretion scenario, as we discuss below, and the division of the envelope into two is based on the idea that at high pressures not only does hydrogen change from the molecular to the metallic phase, but also to the immiscibility of helium in hydrogen (Stevenson & SalPeter 1977a ,b, Fortney & Hubbard, 2003 . Recent calculations of the phase diagram of a hydrogen-helium mixture confirm the immiscibility of helium in hydrogen (e.g., Lorenzen et al.,2009; , Morales et al., 2009 . Figure 1 shows the phase diagram for the hydrogen-helium mixture for a helium mole concentration of 8% (see Guillot & Gautier 2014 for details) . Indeed, the atmospheres of both Jupiter and Saturn are observed to be depleted in helium compared to a proto-solar ratio (von Zahn et al. 1998 , Conrath & Gautier 2000 , and helium rain is the most common (although not the only) explanation for Saturn's high thermal emission (see Fortney & Nettelmann, 2010 and references therein) . The location in which helium rain occurs and its timescale are important to determine the distribution of helium and heavy elements in the interiors of Jupiter and Saturn (e.g., Stevenson & Salpeter 1977a,b) . For Jupiter, standard 3-layer models typically infer a core mass smaller than ∼10 M ⊕ (Earth mass). The global enrichment in heavy elements is uncertain, and the total heavy element mass is estimated to be between 10 and 40 M ⊕ (Saumon & Guillot, 2004; Nettelmann et al., 2015) . Alternative models with a different EoS for hydrogen (Militzer et al., 2008; imply the existence of a relatively massive core (∼16 M ⊕ ) and only a very small enrichment (if at all) Lorenzen et al. (2011) . The red curve shows the critical temperature for that separation according to Morales et al. (2013a) . Numerical and experimental results by Schouten et al. (1991) and Loubeyre et al. (1991) are also presented. The back curves show the isentropes of Jupiter (plain) and Saturn (dashed), respectively. The figure is taken from Guillot & Gautier, 2014. in heavy elements in the gaseous envelope. Recently, Miguel et al. (2016) investigated the sensitivity of the derived internal structure of Jupiter to the estimates of its gravitational moments and the accuracy of the used EoSs. They suggest that the differences in the inferred structure are linked to differences in the internal energy and entropy calculation. This in return leads to differences in the thermal profiles and therefore to different estimations in the core and heavy-element masses. Overall, it seems that preferable solutions are ones with cores (∼10 M ⊕ ) and a discontinuity of the heavy-element enrichment in the envelope, with the inner helium-rich envelope consists of a more heavy elements than the outer, helium-poor envelope. Recently, new estimates for Jupiter's gravitational field were determined by the Juno spacecraft (Bolton et al., 2017) . Interior models of Jupiter that fit the data suggest that another feasible solution for Jupiter is the existence of a diluted core (Wahl et al., 2017) . In this case, Jupiter's core is no longer viewed as a pure heavy-element central region with a density discontinuity at the core-envelope-boundary, but as a diluted core which is more extended region, and can also consist of lighter elements. This model resembles the primordial structure derived by formation models (see below), providing a potential link between giant planet formation models, and structure models of the planets at present day.
The internal structure of Saturn is also uncertain -although its derived structure is less sensitive to the hydrogen EoS (e.g., Saumon & Guillot, 2004) , it is dependent on the hydrogen-helium phase diagram which is not fully constrained. Additional complication arises from the uncertainty in Saturn's rotation period and shape (e.g., Fortney et al., 2017) . Overall, structure models suggest that Saturn is more enriched in heavy elements compared to Jupiter, also having a larger core. The total heavyelement mass in Saturn is estimated to be ∼16 -30 M ⊕ with a core mass between zero and 20 M ⊕ (e.g., Saumon & Guillot, 2004; Helled & Guillot, 2013) .
Uranus and Neptune
Uranus and Neptune are the outermost planets in the Solar System. Unlike Jupiter and Saturn, their gaseous envelopes are relatively small fractions of their total masses. The available constraints on interior models of Uranus and Neptune are limited. The gravitational harmonics of these planets are known only up to fourth degree (J 2 , J 4 ), and the planetary shapes and rotation periods are not well determined (e.g., Helled et al. 2010) .
Although Uranus and Neptune have similar masses and radii, they appear to be quite different internally. The measured low heat flux of Uranus implies that either it has lost its heat or there is a mechanism that reduces the efficient of cooling. In addition, Uranus radius is larger than Neptune's but its mass is smaller. This means that Neptune is denser than Uranus by 30%. The origin of this dichotomy is unknown, and could be a result of giant impacts that affected the internal structure of these planets (e.g., Podolak & Helled, 2012) .
Three main approaches have been used for modelling Uranus and Neptune. The first assumes that the planets consist of three layers: a core made of "rocks" (silicates, iron), an "icy" shell (H 2 O, CH 4 , etc.), and a gaseous envelope (composed of molecular hydrogen and helium with some heavier components). This approach uses physical EoSs of the assumed materials to derive a density profile that best fits the measured gravitational coefficients, similarly to the standard models of Jupiter and Saturn (e.g., Nettelmann et al., 2013) . A second approach makes no a priori assumptions regarding planetary structure and composition. The radial density profiles of Uranus and Neptune that fit their measured gravitational fields are derived using Monte Carlo searches (e.g., Marley et al. 1995 , Podolak et al. 2000 . A third one uses a continuous radial density and pressure profiles that fit the mass, radius, and gravitational moments of Uranus and Neptune, and then use this density profile to investigate the possible composition of the planets by using theoretical EoSs (e.g., Helled et al, 2011) . While there are variations in the derived composition of Uranus and Neptune using the different approaches several results seem to be robust: all models find that the outer envelopes of the planets are highly enriched with heavy elements, and that the heavy element concentration increases towards the planetary centre.
Recent 3-layer models suggest that Uranus and Neptune contain a minimum of ∼2 M ⊕ and about 3 M ⊕ of hydrogen and helium, respectively. When considering that the planetary interior has distinct layers of different composition (3-layer model), the ice-to-rock ration is found to be high in both planets. The inferred global ice-to-rock-ratio is estimated to be between 19 and 36 in Uranus, while Neptune has a wide range of solutions from 3.6 to 14. Random models of Uranus and Neptune suggest both planets consists of small cores and enriched outer envelopes, and that both planets require a density jump at a radius of about 0.6 to 0.7 of the total radius to fit the gravity data (see Marley et al. 1995 , Podolak et al. 2000 . On the other hand, the empirical models of Helled et al. (2011) suggest that both planets can have a gradual structure in which there is a gradual increase of the heavier material toward the centre. They also found that the innermost regions of both Uranus and
Neptune cannot be fit to the empirical density distribution with pure ice/rock, but by ∼82% of SiO 2 and ∼ 90% of H 2 O by mass for both Uranus and Neptune. The overall metallicity of the planets was found to be 0.75-0.92 and 0.76-0.9 for Uranus and Neptune, respectively. In addition, they emphasise the fact that the planetary interiors could be depleted in ices, and still fit the measured gravitational field, suggesting that these planets are not necessarily "icy". Figure 2 shows the density profiles of the outer planets in the Solar System for standard 3-layer models. 
Non-Adiabatic Interiors
We now realise that in some cases, and perhaps in most cases, a fully adiabatic model for the giant planets is too simplistic. The fact that Uranus has a much smaller internal luminosity than Neptune has long ago been attributed to the presence of a molecular weight gradients in the deep interior (Podolak, Hubbard & Stevenson 1991) . The inhibition of convection in the presence of helium rain has also been shown to be a likely possibility (Stevenson & Salpeter 1977b) . Recently, f-mode oscillations of Saturn were discovered through the observation of its rings by the Cassini spacecraft. The analysis of the splitting of these oscillation modes led Fuller (2014) to propose that Saturn's deep interior must be stably stratified: This is at present the only way to explain the unexpected splittings, through interactions between f-modes propagating in the convective envelope and g-modes propagating in the stable region of the deep interior.
A non-adiabatic structure may arise because of a primordial compositional gradient due to the formation process itself, because of the erosion of a central core or because of immiscibility effects (for example of helium in metallic hydrogen). Composition gradients can inhibit convection and affect the heat transport in giant planets. If they are weak and the luminosity is large, they will be overwhelmed by overturning convection which will then ensure a rapid mixing and homogeneization. Otherwise, they can either lead to layered convection, a less efficient type of convection, or inhibit convection and lead to heat transport by conduction or radiation.
When in the presence of a homogenous composition, the convection criterion is given by the Schwarzschild criterion, ∇ ad > ∇, where ∇ ≡ d ln T /d ln P, and ∇ ad is the adiabatic gradient. In case of an inhomogeneous environment, one has to take into account the effect of the composition gradient on the stability criterion. Considering a mixture of elements with mass fractions (X 1 , X 2, ..., X n ), the composition gradient is given by (e.g., Vazan et al., 2015) :
In this case the convection criterion is given by the Ledoux criterion, ∇ − ∇ ad − ∇ X < 0.
Layered convection is convective mixing that can occur in regions that are stable according to the Ledoux criterion, but unstable according to the Swcharzschild criterion, if the entropy and chemical stratifications have opposing contributions to the dynamical stability. In that case, diffusive convection can take place (e.g, Rosenblum et al., 2011; Wood et al., 2013; Mirouh, et al., 2012) , leading to slow mixing and a more efficient heat transfer. Layered-convection can occur in two forms: fingering convection or double-diffusive convection. In the first, the entropy is stably stratified (∇ − ∇ ad < 0), but the composition gradient is unstably stratified (∇ X < 0); while in the second, oscillatory double-diffusive convection (ODD), entropy is unstably stratified (∇ − ∇ ad > 0), but chemical composition is stably stratified (∇ X > 0); it is related to semi-convection, but can occur even when the opacity is independent of composition.
A pioneering study on double diffusive convection in planetary interiors was presented by Leconte & Chabrier (2012; where Jupiter's and Saturn's interiors were modeled assuming the presence of double-diffusive convection caused by a heavy-element gradient in their gaseous envelopes. These models investigated the effect on the internal heat transport efficiency and the internal structure. In this scenario, the planetary interiors can be much hotter and the planets can accommodate larger amounts (a few tens of M ⊕ ) of heavy elements. However, these models can be considered as extreme because they assumed a compositional gradient to be present throughout the envelope. Evolution models matching Jupiter's present constraints show that is almost impossible to avoid overturning convection homogeneizing a large fraction of the envelope (Vazan et al. 2016 ). This therefore strongly limits the extent and consequences of layered convection. At the same time, the results of Vazan et al. (2016) show that both Jupiter and Saturn can be non-adiabatic and still fit observations. Evolution models with layered convection in the helium-rain region of Jupiter have recently been calculated (Nettelmann et al. 2015 , Mankovich et al. 2016 . In these models, the molecular envelope cools over time, but the deep interior can actually heat up because of the loss of specific entropy due to helium settling (see also Stevenson & Salpeter 1977b) . While it is not yet clear that layered convection does really occur in the helium mixing region (it depends on the thermodynamic behavior of the hydrogen-helium mixture in the presence of a phase separation), these models show that non-adiabaticity is certainly an important aspect of the evolution of cool gaseous planets such as Jupiter and Saturn.
Recently, modelled Uranus accounting for a boundary layer and modelled the planetary evolution. They find that the existence of such a boundary layer can explain the the low luminosity of the planet. The thermal boundary leads to a hotter interior, suggesting that the deep interior could have a large fraction of rocks.
Investigations of non-adiabatic structure of the outer planets are still ongoing, and we expect major progress in this direction in the upcoming years. Overall, each of the outer planet in the Solar System can be modelled by using a more standard layered interior or alternatively, by a structure in which there is gradual change in composition. Figure 3 shows sketches of the possible internal structures of the outer planets in the Solar System accounting for these two possibilities.
Giant Planet Formation and Heavy Elements Distribution
The core accretion model
The standard model for giant planet formation is known as core accretion (see Helled et al., 2014 for a review). In this model, the formation of a gaseous planet begins with the buildup of a heavy-element core due to the growth and accretion of solids which can be in the form of planetesimals (e.g., Pollack et al., 1996; Alibert et al., 2005) or pebbles (e.g., Lambrechts et al., 2014 , Levison et al. 2016 ) and continues with gas accretion. The planetary formation history can be divided into three main phases. The first phase, Phase-1, is dominated by core heavy-element accretion. A small core accretes planetesimals/pebbles until it has obtained most of the heavy-element mass M Z within its gravitational reach. The gas mass, M gas (HHe), also grows, but it remains only a very small fraction of M Z . During the second phase, Phase-2, a gaseous envelope is being accreted slowly,Ṁ Z decreases considerably, andṀ gas increases slowly until it exceeds the heavy-element accretion rate. As the envelope's mass increases, the expansion of the zone of gravitational influence allows further accretion of planetesimals. Phase-3 correspond to the runaway gas accretion phase. When M Z ∼ M gas , known as crossover, the gas accretion rate increases considerably, nearly at free fall. The heavy-element accretion rate during this phase is poorly known but is typically assumed to be small (Helled & Lunine, 2014) . The gas accretion is terminated by either disk dissipation or gap opening, and the planet gains its final mass (assuming no mass loss or late accretion occur).
Core Growth and Mixing
The envelope of the forming giant planets is typically considered to consist mainly of hydrogen and helium. If the accreted heavy-elements reach the center (core) without depositing mass in the envelope, the planetary envelope has a sub-stellar composition due to the depletion in heavies, and in this case M env ∼ M gas . However, if planetesimals/pebbles suffer a strong mass ablation as they path through the gaseous envelope they can lead to a substantial enrichment with heavy elements, typically resulting in a metal-rich proto-atmosphere. In this case, the core mass M core and the heavy element mass M Z can differ. The determination of the planetesimal mass ablation depends on the characteristics of the accreted heavy elements such as their composition, size, and mechanical strength. Formation models typically find that when M core ∼ 2 M ⊕ the solids tend to remain in the atmosphere (Iaroslavitz & Podolak, 2007; Lozovsky et al., 2017) . The enrichment of the planetary envelope (envelope pollution) has a strong influence on the planetary growth; it can strongly reduce the critical mass of the planet for triggering rapid gas accretion, i.e., in reaching Phase-3 (e.g., Hori & Ikoma, 2011; Venturini et al., 2016) .
It is not clear at this point whether the last phase of accretion, in which most of the planetary mass is gained, is that of heavy-element poor gas or whether heavy elements manage to be accreted very efficiently. We view the former as more likely, because tidal barriers from a forming giant planet repel pebbles and planetesimals more efficiently than gas in protoplanetary disks (Tanaka & Ida 1999 , Paardekooper & Mellema 2004 . In that case, upward mixing is required to explain the fact that Jupiter, Saturn, Uranus and Neptune are all enriched in heavy elements compared to the Sun (e.g., Guillot & Gautier 2014) .
This upward mixing of heavy elements, if convection is present, is energetically possible (Guillot et al. 2004) . It requires these heavy elements to be miscible in the envelope, which appears to be the case (Wilson & Militzer, 2010; 2012) . An open question which remains is the efficiency at which this mixing (or core erosion) proceeds: this depends both on the initial state (formation mechanism), on the availability of overturning convection and on the efficiency of layered convection where it is present.
Recently, the heavy-element distribution and core mass in proto-Jupiter at different stages during its formation was investigated (Lozovsky et al., 2017) . The accreted planetesimals were followed as they entered the planetary envelope, and their distribution within the protoplanet accounting for settling (due to saturation) and convective mixing was determined. It was clearly shown that there is an important difference between the heavy material mass M Z and core mass M core , because most of the accreted heavy elements remain in the planetary envelope, and the core mass can be significantly smaller than the total heavy-element mass. This is demonstrated in Fig. 4 where we show M Z (red curve) vs. M core (purple curve). Although convective mixing can mix the heavy elements in the outer envelope, the innermost regions which have a steep enough composition gradient, can remain stable against convection. These inner regions can also consist of hydrogen and helium and could be viewed as diluted cores. The diluted cores are of the order of 20 M ⊕ in mass, but with lower density than that of a pure-Z core due to the existence of H+He. The left panel of Fig. 5 shows the calculated distribution of heavy-elements in proto-Jupiter based on formation models. 
Mixing During Long-Term Evolution
If the distribution of heavy elements is not homogenous due to the formation process, as suggested by Lozovsky et al. (2017) , it can affect the planetary thermal evolution. In addition, the primordial internal structure might change during the several 10 9 of evolution. Convective mixing of a gradual distribution of heavy elements in Jupiter's interior was investigated by Vazan et al. (2016) . The primordial internal structure is somewhat similar to the one found by formation models. The right panel of Fig. 5 shows the preliminary (dotted blue) and final (after 4.5×10 9 years, dashed red) heavy-element distributions in Jupiter accounting for mixing using a state-of-the-art planet evolution code (e.g., Vazan et al., 2016) . In this model, Jupiter consists of ∼ 40 M ⊕ of heavies. It is found that the innermost regions (∼ 15% of the mass) are stable against convection, and therefore, act as a bottleneck in terms of heat transport, while the outer envelope is convective throughout the entire evolution. The increasing temperature gradient between the innermost non-adiabatic and non-convective region and the outer convective region leads to a small penetration inward during the evolution, leading to a moderate heavy-element enrichment in the outer envelope as time progresses (see red curve in Fig. 4b) . The innermost region which is highly enriched in heavy element has a lower entropy and is stable against (large-scale) convection during the entire evolution. As a result, the temperatures in the inner regions of the planet remain high while the outer ones can cool efficiently.
Exoplanets
Radii and bulk compositions
Since the mid 90s, we know that gaseous planets exist in other planetary systems, which provides us with the opportunity to study giant planets more generally. Giant exoplanets are a complementary group to the Solar-System's outer planets -while the measurements are typically limited to mass and radius determination which provides their mean density -their large number provide us with good statistics in terms of planetary bulk composition and the physical mechanisms governing the planetary evolution.
Most of the giant exoplanets with well-known masses and radii are "hot Jupiters", i.e., short period (P < 10 days) Jupiter-mass planets (0.5 − 10 M Jup ). A significant fraction of these objects ∼ 50% are more inflated than predicted by standard evolution models of irradiated planets, which implies that another physical mechanism either slows the planets' cooling and contraction, or leads to an extra dissipation of energy in their interior (e.g., Guillot & Showman, 2002; Laughlin et al., 2011) .
The bulk composition of exoplanets can be inferred by assuming a common mechanism inflating hot Jupiters (e.g., Guillot et al. 2006 , Burrows et al. 2007 or by selecting only modestly irradiated giant exoplanets (Thorngren et al. 2016) . The amount of heavy elements that they contain is inversely related to their size. Because giant planets are compressible, both the irradiation that they receive and their progressive contraction must be taken into account. Three main results can be extracted from these studies:
1. While giant exoplanets above the mass of Saturn are generally mostly made of hydrogen and helium, some of them require surprisingly large masses of heavy elements (up to hundreds of M ⊕ , e.g., Moutou et al., 2013) or large ratios heavy elements to gas (as in the case of HD149026b which contains about 70 M ⊕ of heavies for a total mass of 120 M ⊕ -see Ikoma et al. 2006 ). 2. The ratio of the mass of heavy elements to the total planetary mass is negatively correlated with planetary mass (Thorngren et al. 2016) , in agreement with formation of these planets by core accretion. 3. The mass of heavy elements in hot Jupiters appears to be correlated with the metallicity of the parent star (e.g., Guillot et al., 2006 , Burrows et al. 2007 ). However, this correlation is not statistically significant in the sample of weakly irradiated planets (Thorngren et al. 2016 ).
Generally, it appears that at least some of the planets were able to efficiently collect the solids present in the disks. This is something that is not clearly explained by formation models, and is linked to the (unknown) efficiency of solid accretion during Phase-3 and/or to late accretion of solids. Understanding this subject should improve significantly with PLATO thanks to the precise characterisation of a large number of transiting giant exoplanets, including those at large distances from their parent stars.
Massive cores or enriched envelopes?
Studies of the evolution of giant exoplanets typically assume the planets are made of a dense core and a solar-composition hydrogen-helium envelope. However, as discussed above, this is no more than a convenient simplification and this assumption is not justified. In fact, it is likely that, as for the giant planets in our Solar System, a significant fraction of the heavy elements are in the envelope rather than in a central core. Whether the heavies are mixed in the envelope or not has two effects: An enriched envelope has a larger molecular weight and shrinks more effectively than when heavy elements are embedded in a central core (e.g., Baraffe et al., 2008) . This also means a larger opacity which, for hot Jupiters which are cooling through a thick radiative zone (Guillot et al., 1996) , implies a less efficient cooling and contraction (Guillot, 2005; Vazan et al., 2013) . When the enrichment is moderate (say, a few times solar) whether the heavy elements are embedded in the core or distributed in the envelope seems to have limited consequences. However, for larger enrichments, it can lead to an overestimate of the heavy-element mass required to fit the planetary radius (Baraffe et al. 2008 , Vazan et al., 2013 .
As for Jupiter and Saturn, the presence of potentially large amount of heavy elements can also lead to double-diffusive convection in the envelope. It has been proposed that this may account for the anomalously large size of some hot Jupiters (Chabrier & Baraffe, 2007) . This is unlikely however, for the same reasons as discussed previously, namely that overturning convection develops easily and should limit the extent of the double-diffusive region. In addition, the effect of the increased mass of heavy elements essentially compensates the effect of the delayed contraction on the planetary radius caused by compositional inhomogeneity (Kurokawa & Inutsuka, 2015) .
The extent of whether the envelopes and atmospheres are significantly enriched or not is thus important both to better constrain the bulk compositions of the planets, but also to provide constraints to planet formation models. The ability to characterise giant planet atmospheres, and in particular determine their enrichment in heavy elements, would enable us to link interior and atmospheric compositions. This is crucial to understand the interior structure and formation of these planets. Currently, the possible determinations of chemical abundances are to be taken with extreme caution, both because of data quality and uncertainties on the presence of clouds (e.g., Deming & Seager, 2017) , but this situation should change in the near-future, in particular with JWST.
Conclusions
Characterising the planets in the outer Solar System is an ongoing challenge. Each planet has its special features and open research questions that are associated with its special nature. For Jupiter, we still try to get a better determination of its core mass and overall enrichment. Also for Saturn, we still need to better constrain its composition and structure, but with a focus on the role of helium rain and its cooling rate. The internal structures of Uranus and Neptune should be better determined, the source for the different structures and cooling rates of the planets still has to be resolved. In addition, understanding the connection between giant planet formation, evolution, and structure is still incomplete and is highly desirable. Ongoing and future space missions provide more constraints for structure models, and at the same time introduce new challenges and directions for exploration for modelers.
Several of the open questions have the potential to be solved in the fairly near future, in particular, in the following subjects: (1) Improvements in EoSs calculations and experiments. This will allow us to understand the behaviour of materials at high pressures and temperatures, and to discriminate among various EoSs. (2) Significant improvements of the measurement of Jupiter's and Saturn's gravitational fields by the Juno (Bolton et al., 2017) and Cassini (Spilker, 2012) missions. With accurate measurements of the gravitational fields, and of the water abundance in the case of Jupiter, we will be able to reduce the parameter space of possible internal structures. (3) The potential of sending a probe into Saturn's atmosphere and measuring the abundance of noble gases would allow us to understand enrichment mechanisms in giant planets, and their origins. In the longer run, a mission dedicated for the ice giants (Uranus and/or Neptune) would bring new views of these icy planets. (4) Additional and more accurate measurements of giant and intermediatemass exoplanets. An overview of the variation in atmospheric composition of giant exoplanets and its connection to the host star's properties, and accurate determination of the planetary mean density will allow us to understand the nature of giant and icy planets in a boarder manner.
Clearly, we still have not solved all the mysteries related to gaseous planets, and much work is required. However, we expect new observations, exciting discoveries, and theoretical developments that will lead to a leap in understanding the origin, evolution, and interiors of this class of planetary objects.
